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研 究 ノ ー ト
ElectronicPropertiesof()ryogenicRareGasLiquids
andTheirApplicationsinRadiationDetectors
Abstract
Cryogenicliquidsfindmanyapplicationsinscienceandtechnology.Here,anoverviewo .fthe
electronicpropertiesofliquefiedraregasesisgiven.Theirapplicationas.ionizationmediain
radiatiorldetectorsisdiscussed.
1.lntroduction.
Thedetectionofionizingradiationhasgreatimportanceinscienceand.tεchnolQgy.From
theearlyuseofairionizationchambersandGeiger-Mueller-countersthemodern.development
ofradiation..detectors.encompassesgases,liquids,andsolidsasionizationmedia.Especialiy,.the
constructiorlofhighenergyphysicsexperimentsemployingbigaccelerato.rsorcosmicfaydetec-
tioninundergroundlaboratorieshasspurredtheuseofavarietyofgase$andsolids.Theap-
pli・ati…fliq・id・upt・th・presenttim・.i・m・reres't・i・t・d・0・ ・n・h・nd .thisst・mrf・ ・m・
lackofun.derstandingoftheba.sicelectronicprQPertiesofmanypossiblecandidatesandonth6
0therhandfromthefactthatliquidsusuallyare.associatedwithchemistryratherthanphysics,
whichleadstoareluctancyonthepartofphysicisttoexplorethepossibilitiesofliquids,One.ノ
exeptionaretheraregasliquidswhicharebeingusedonalargescaleintheconstrμction6f
radiationdetectionsystemsforhighenergyphysicsresearch.
Inthisshortreviewwediscusstheelectronicpropertiesofraregasliquids(RGL)and
wedescribesomeexamplesoftheiruseinexperimentsof.detectionofelementaryparticlesand
highenergyphotons.
2.Thermo-Physica1.Properties
Somethermo-physicalpropertiesofRGLsaresummarizedinTablesland2.Thehgavier
RGLareexamplesofclassical,non-polardielectricliquids.lHeandpartlyalsoINe.exhibit
duantumproperties.OneconsequenceistheabsenceofameltingpointforIHelUnder.orthobaヒ ー
icconditionsitremainsliquiddowntothelowesttemperatures.ThesolidphaseofHe6an
onlybeobservedunderapplicationofexternal.pre.ssure(>29.'barat4.2K).
Liquidxenonhasthewidestliquldrange,itscritical.pointisat16.6℃,whichhas.
m、d,itl。ap・ ・mi・ ・nt・ ・1・・nti・ ・h・mist・y[2].
Theraregases-e文cepthelium-areproduced孟ntheliquefactionof.air.Theapplication
ofRGLsisagrowingmarket;inthefutufe,the.demandforxenonbyhighenergyphysicsand
byInedecin6mayoutstriptheavailableresources[4].
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Table1:Propertiesofr .aregasliquids;Nelhumberofelectronsperatomolecule;nelel∈ctronspercc[1]
Tbp【KIPb【91・m3】..T・.[K】P6【b・dTt・p【K]V。4Vli・)N・1・b[・m-3]・el【 、m-3】
eerreHNAKX
4.22
27.10
87.29
119.80
165.03
0.125
1.207
t393
2.413
3,057
5.21
44.41
150. .86
209.41
289.75
2.27
27.5624.55
48.9883.78
55.02115 ..95
58.40161.35
748
1434
836
688.
550
21 .8810223.761022
103 .6210223.621023
182 .09、10223.76・102串
361.7310226.511023
541.4010227 .561023
★)v
g。・at150c・ ・dlb・ ・IVIiq・tTbp・
＼
Table2:Triplepointpropertiesofraregasliquids;Vincm3/mole[3]
Ttrp[KIptrp(Torr)vgasVliqVsol
ereNAKX
24.55
83.81
115.76
161.39
325
517
547
612
4600
9867
12850
16050
16.18
28.24
34.32
44,31
14..06
24.63
30.01
38.59
3. .DielectricProperties
Animportantbhysi「calquantityinallapplicationsofliquidsi.stherelativedielectriccon-
stant.
.TheRGLsc参nbeconsideredasInodelliquidsfortheuseof.theClausius-Mossottiequa・
tiOn.TOagOOdapprOximatiOn,therelatiOnOfthedieleCtriCCOnStantOfaliqUid,ε,,tOitS
density,ρ,isgivenby[5],
,.≒ 葦1-cρ...(・)
or
・・÷・一・.、彗 ぎ
ρ_, ...(2)
whereCisaconstantdeterminedbythepolarizability,ごp。1,0ftheatomsconlprisingtheli-
quid..ForRGLs,theC-M-equationbecomes,
≒軍.1-3≒ 響λ・四.(3)
Misthemolecularoratomicweight,NA.isAvogadro'snumber..αp。lisinFm2;(inelectrosta-
tic.units,αp。lisgivenincm3).Conversionbetweenthetwosystemsofunitsisobtainedby
m・ltiplyi・g・,・1(r・u)b・1・ ・127・ ・〇一16・Th・v≧ ・i・・i・n・f.・herdi・lecl・icc・ ・…n・withd・n・i・yi・
obtainedas,
ρ 亀㌃「一io(・,一 ・)(.・,+2)._1.(4)
TheC-M℃quationca耳beusedtocalculatethedielectricc6nstantsofRGLsfromgasbhase
polarizabilities.InFig.1,calculateddielectric.consちantsofxenonarecomparedwithmeasured
values.
Thepolarizabilityoftherare.gasatomsincreaseswith.thenumberof.electronsiitheir
shellsandthe.dielectric.constantoftheRGLsincreasesin .additionwiththedensityoftheli一
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quid.Dataof
1.8
1.6
1.4
1.2
1.0
0.00.51.01.52.02.53.O
density【9'crh31
Fig.1:Dielectricconstantofliquidxenon[6];[7].;[8]
ε,arecompiledinTable3..
Table3:DielectricconstantsofRGLs[9];[10];[ll];[12];[8]
liquid.symbol. .T[K】 εr
he髄um
neon
a「gon
krypton
.xen.on
4He
Ne
Ar
Kr
Xe
4.2
27.1
85
117
162
1.05
1.18
1.51
1.66
1.925
ThelowdielectricconstantofIHeisduetothelowpolarizabilityoftheHeatom.The
twoK-electronsaretightlyboundtothenucleusandtheirorbitscannotbeshiftedmuchby
anexternalelectricfield.Inaddition,thedensityofIHeissmall.
4.ElectronicEnergyLevels
.
Theenergybandmodelofelectronicenergylevelswas.developedforcrystallinesolids.
Condensationofatomsintoaregularspatialarrangementoflongrangeorder,thecrystallat-
tice,leadstotheformationofnewenergylevelsofthevalenceelectronsdueto.theactionof
thePauliexclusionprinciple.Thesβelectroniclevelsformthevalence.band.Theionization
continuumoftheiSolatedatomsisreplacedbytheconductionbandinthesolid.
ForthedescriptionoftheelectronicenergylevelsofRGLs,weuse.thebahdmode1.The
adaptationofthismodelneeds.somejustificationsincetheRGLsar6characterizedbyalackof
longrangespatialorder.
Theelectronmobilityinsolidargon,krypton,andxenondecreasesroughlybyafactoroftwo
atthemeltingpoint[13].Experimentsonclustersofmetals, .semiconductors,andinsulators
showthatacondensateofsevera1.tensorhundredsofatomsexhibitsalreadytheelectronic
properties6fthemacroscopiccrystallinesolid[14],[15]..Gubanov[16]demonstrated.thatthe
descriptionoftheelectronicenergylevelsofacrystalline.solidbytheSchr6dingerequation
canbemaintainedwhenfluctuationsintheperiodicityofthelatticeareintroduced.
TheRGLsare.insulatorsfromaphysicalpointofview.InFig,2thechangeofenergy
levelsofan.atomuponcondensationisdepicted,schematically.Afilledvalencebandandan
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.emptyconductio耳bandareformed.Intheliquefied.raregasesboth .bandsare.probablyseveral
eVinwidthascanbeestihlatedfroinmeasurementsofthesolidraregases.
vacuumIevel.conduction
valenCe
electron
IevelS
lgas
㍉6一
Eval.
味.1.
lliq
band
valence
band
gasρ んase,.〃q乙1'dρ んase
Fig2:Changeofelectronicenergylevelsuponcondensation
TheSymbolSdenOtethとfOllOwingphySi6alquantitieS:Ig、 、gaSphaSeionizatiOnenergy,Iliq
ionizationenergy.inth61iquidphase,IP+polarizationenergyofthepgsitiveion,Voenergyof
theelectronicconduCtionlevel(bottomofthe..conductiOnband),Ev、lshiftofthevalencelevels.
V・lues・fV・,1、 、,,.・ndllidh・v・bee・m・a・ured・ndP・canb6estimat・df・ ・mth・f・ll・w-
ingrelatio耳ship,
1毒9=ん α,十一.・yb一トP+十E四 αε.(5)
Vo,P+andE。 、larenegativevalueS」iftheenergyofthevaCUUmlevelisSettobezero.E。 、1駕
.0
.leVhasbeenestilnatedfromphotoelectronspectraofsolids.ft孟susuallyneglected.In
Table4measuredvaluesarecompiled.
Tζb1・4・1・ni・ati・n・n・fgiesandV。.一v・luesi・ ・V[17]
liquid L。 lh Vo
helium 24.46 n.a. +1.05
neon 21.47 n。a. +0.67
argon
..15.68 n.a. 」0 .20
krypt6n 13.93 11.56 一〇.40
xenon 12.08 9.2 一〇.67
Iliq　 v・luesf・ ・1A・ ・IN・,・ndlHecanbeestim・t・d・ ・ince
.th・.P・1・ ・i・孕ti・n.ρnergygf中e
P。、itivech。,g・P+・anbeestim・t・dby・f・rm・1・deri・6dbyBbr・[18]、
ρ∵一一.8差1。R[・7i,].一 ・....(6)
εodenOteSthepermittiVtyOffreeSpaCe,ε,iStherelativedieleCtriCCOnStant,andRdenOteS
theradiusoftheion.
5.ThermalExcitationofElectron-Hole.Pairs
ThermalexcitationofchargecarriersisrelatedtoIliq.Forpure,crystallineinsula七6rs
theconcentfationofelectron/hole.pairs,n(田 一3)duet6thermalionizationhas.beenderivedas
[19],
.耳一2[2窄BT.]3/2(mき1血 叢)・/・e¥・(一211T).一 一 二.(7・)
H.erem,麦*andmh*aretheeffectivemassesOf.theelectronandhOle,respeCtively.FOran
estimate6fthe.intrinsicchargecarri.erconcentratio血,n,inaRGL,weassumetheeffective
一23一 ノ
massesofel6ctronandholetobeequaltothatofthefreeelectron(0.9110-3。kg).Equation
7athenbecomes
・[m-3]〒 尋・8316・IT・/・exp(二211T)..一(7b)
TakingvaluesforIhqgiveninTable4,valuesfornareobtainedwhichindicatethatin
theliquefiedraregasesnothermalexcitationofelectronpair3.takesplac6.RGLsareexcel-
lentelectricinsulatorsfro.m.a.physical .pointofview.
Applicationofveryhighpressuresleadstoastronggrinteractionρf.the∀alenceelectron
shellsandabroadeningofth♀electronicbands.Areductionofthebandgapresul七s.S61id
xenonunderastaticpressureofps≧33GPalo串esitsinsulatingpナopertiesandbecomesa
conductor[20].Theelectricalconductivitychangeso寸er96rdeナsofmagnitude(seeFig..3).
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Fig.3:Variationoftheelectricalresistancβofsolidxenon.underpressμre[20]
6.InjectionofExces3Charge .CarriersinRGLs
Exc.esschargecar .riersinRGLshavetobeintroducedby.exte.rnalagents.Themost
prominentonesaresulnmarizedinthe.followinglist.
珂ecti・n・fdectr・ns・h・ 蓋esandiρnsin
non・PO藍ardielectric置iquids.
Ioniza丘onbyhighenergyradia丘on
X覗ys
f誌telectrons
UV-1ight
elementaypardcles
laser-inducedmuld-phot6nabsorpdon
Phot㏄1㏄tricemissionf士ommetalor
se血conductorcathodes
FieldelnissionQr.fieldionizationattipsorblades
I切 ㏄ 亘onfk}mthegasphase「
10wpressu爬discharge .
glowcathqde
Semiconductordiodes
Strealningliquids
theelectron.
Ionizing.radiationproducesnegative.andpositive
chargecarriersatthes盆metime.Someothermethods
are廿sedwhenonekindofchargecarrieristobestu-
diedonly.Theseinjectionmethodsarecombinedwith
asuitablegeometryoftheexperimentaltestcellfor
themeasurementoftheenergeticsor.dynamicsofex-
cesschargecarriers.
InIAr,IKr,andIXetheelectronmobilityismuchhigher
7.ElectronMobility
TheRGLsfallintotwo.classeswith.respectto
theirelectronmQbility.Inliquidheliumandneon,
nearthe .boilingpoint,theelectronmobilityismuch
smallerthanlcm2V-ls"1.Thechargecarrierisde一 ロ
pictedasabubb.leoflOto20Aradiusoccupiedby
(seeTable5).In.the
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T・blr5・Elect・ ・nm・bility・ 岬 ・aturati・ …1・ ・ityi・.liq・ ・fi・draregase串[21][22]
一 踊quidT【K1μel【cm2V'1s疇1]
.、vs【 ・ms-1]
Helium
Ne
Ar
Kr
Xe
4.2.
52
757788888
120
117
.119
120.4
165
163
1.67
165
210「2
t61..0-3
(200-300)★
:400±50
475
625±.15
1200士150
1800
1310
2000±200
1900
1・100
2950±50
106
6.4.105
7.5105
(9.1±0.3)105
6165
8105
4.5105
3.8105
.3.3105.
2.6.105
2.9..105
2.95105
★)mob撒yofdelocalizedelectronsestimatedfromthemρbility
insolidneQnof鐸600cm2V-1s-1[231
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Fig.4:ElectronmobnityinIHe;[21]asafunction .ofte皿perature
l3tterliq・id・,
.・lect・ ・nt・a・ ・p・・ti・th・ugbtt・ ・ccu・ihth・d・1・ ・alized・t・t・(・6・d・ ・ゆb・nd).・
Thetemperature.dependen¢eofthemgbilityinliquidheliumandliquidneo阜.isdepicted
inFig.4. .InIHe,μ,lincreaseswi㌻hdecreasingtelnperature..The.stronginereasebβlgw2.l
Kisdue .totheapPearanceofthesuperfluidity・Inliquidneon七he.mobilityis.thermallyactiニ
マateduptothecriticaltemperature..In.bothliquids,thedriftm6bilityisindependentofthe
electricfieldstrengthuptoabout60kV/cm,thehighestvalueemployed.[26];[27];.[21]
Liqμidneonisanespeciallyinterestingliquidsin∫cebothquasifreeandlocalized.electrons
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were・bse・v・d[21]・At互 ・w骨lect・i・fi・ld・trength・ ・1・w .m6bility・h・ ・a・terirti・ ・f・lect・ ・n
bubbleswasmeasured.Athighelectricfields,.afastelectronicsignalwasobservedwhich
gavedriftvelocitiescharacteristicofdelocalized.electrons.
Inthe.heavierliquefiedraregases,themobilitydependsontemper3tureinacomplicated
fashion(喪eFig.5)。
TheelgctrondriftvelocityinIAr,IKr,andIXeillcreasessub-proportionallywithelectric.
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fl・ld・t・p・gth(seeFig・6)…i・ ・th・rw・ ・d・・theelect・ ・nm・bilitydecreaseswiththeelec-
tricfieldstrength.Suchabehaviorisinterpr.etedbyanincreaseofthemeanelectronenergy
duetopick-upof.energyfromthφappliedelectricfield.AtlO5V/c血,themeanenergyisof
theorderofleV.Additionofnitrogehgasleadstoan'ihごr台aseof.the..saturationdriftveloc-
ity.Thenitrogenmole6ul6 .canabsqrb61ectronenergylthrou怠h.theexcitationofvibrations.
Theadditionofsmallamountsofbutanetoliquidxenoninfluencestheelectrontransport
propertiesinadistinctive甲ayr .Small3mountsof.solutefirstlincreaseofthevalueofthedfift
velocitywithelectric..fieldabQvelhe.Yaluesofthepurexenon(≦104V/cm)6Withfurther
increaseofthefieldstrength,thedriftvelocityapProachesthesaturationvelocityofpure
xenon・The.largerconcentratignofbutanereducesth『lowfieldmobilitydμetQ$catteringof
thermalelectronsanditleadst6ahighersaturation.driftvelocityathighfieldsduetomore
effectivecoolingof..the.hotelectrons(see ..Fig.7).
ThehighelectronmobilityofIAr,IKr,andIXemakestheseliquidsuitableasionization
.medi.ain.liquidioniza.tionchambers,.operatinginthe.electronpulse珀ode.Here,the6urrent
signal.induced.bythemotionofhighly.mobileelectronsinanappliedelectricfieldcanbe .am-
plifiedan.dprocessedbyelectronicamplifiers.,countersl.a耳dpμlseheightanalyze.rs,which.are
usuallyusedwithsolidstateradiationdet白ctors.BecauseofitslOwprice,1Ar.hasfoundlarge
scaleapplicationsilldetectors.o軍highenergypart重 ¢lephysics. .Theuseofliquidsallowsthe
design・f・peci・1・lect・ ・d・ 琴・・m・t・ies
...・f.th・.i・ ρiそ・ti・n吻mber・
8.lons
Liq・ βfi・d・a・egasesrep・ese・ ・id・ ・1'蜘Cesま ・rthr…dyQfi… .i・.・・i・ ・rt・ ・nd・nsed
.phase. .Theatomscanbeconside.red.aspolar.izable..spheres.Themain.effecttobeconsidered
i・th・t・f・1・Ct…t・i・ti・nw与i・hl・ タd・t・aniρcrease・fd・n・ity・fth・liq・id・ ・…dth・i…
Thisclusteringleads..toanincreaseofradiusandmassoftheionanditresultsinalower 噂
diffusion.coefficientoftheionascomparedtotheneutralraregasatom.Thefearedifferences
ofthiseffectforpositiveandnegativei6nsduetothefacttha
.㌻foranegati.veionthe.10ne
electronisrepelledbytheclosedshellsoftheraregasat6mscomprlsingtheliq亡id.The6retic-
alstudieshavebeencarriedoutandarecontinu.inginordertound6rstand七heinflue血ceof
thisrepulsiononthe.electrostrictioninlnoredetail[ .31],[32];[33].
9.RadiationDetectorswithLiquids
Theelectronpulsesignalゆroducedbyatrackofionizingradiationtraversingtheliquid
gapofaparallelplateioni乞atiOnchamberdependsQntheorientationofthetrack南threspect
tothefield.Inord合rtomeasurethetotalelectronchargeproducedinthe .trackofaparもicle
or .quantumofanarbitraryorientationwithrespecttotheelectricfieldlines,.agridmaybe
insertedclosetotheanodeintotheelectrodegap
.(seeFig.8,Frisch£rid).Theelectronsig-
nalismeasuredbetweenthegridandtheanode.Allelectronsenteringirltothegrid/anode
spacearethendetected.Thetransmissionoftheionizationelectronsthrough .thegrid.depends
ontheseparationofthegridwiresandonthefieldstrengthinthegrid/anodegap[34].
Electronpulsechambershavefound .manyapplications,especial.lyinhighenergyphysics..
Here,calorimetersfilledwithIAr,IKr,orIXehavebeendeveloped..
Inacaloriη1eter乳thetotalenergyexpendedinallparticlesoriginatingfromthe.interac一
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Fig.8:Liquldionizationch耳mberwithFrischgrid
tionoftwoenergeticelementaryparticlesismeasured.Themostwidelyused.calorimeter
consistsof.absorberplaとesmadeofsomeheavymeta1(1ead,iron,uranium)inter¢alatedwith
thin .liquidionizationchambersfilledwithliquidargon.The.ionizationchambersoperate.at
highelectricfield.strengthwheretheelectrondriftvelocityapproachesitssaturationvalueof
v,=6.4105cm/s.Thetimere.solutionislimitedbythespecificdrifttime.ofv,一 ユ=1.56μs/cm.
TheprincipleofasandwichcalgrimterisshowninFig.9.
absorberplateionizationchamber
＼./
■9.ρ■'o.μ ・'●.ρ ・
particle
beam
ア ロロ
ロロ ロコ コロキ のモ ロo'胴"雪v,,"
Fig.9:Principle.ofasandwichcalorimeter
Calorimetersbasedonliquidxenonorliquidkryptondonotreqぜireabsorberplat6sdue
tothehigherdensityofIXeorIKr.Thep.articleslosetheirenergyentirely.intheliquid
volume.Withsegmentedelectrodesthetotalchargeproducedbyabsorptionofanihdividual
particlecanbemeasured.
LiquidxenonexhibitsthehighestelectronmobilityofallRGLsandatsufficientlyhigh
electricfieldstrengths.electronavalanchesmayoccur.AnexampleisshowninFig.10,where
theelectroncurrentproducedbyanalphasourceonthe.cathodeof..adiodecellimmersedin
lXeisshownasafunct孟onoftheappliedelectricfield.strength.
Thisliquidisesbeciallylsuitedasdetectionmediuminaproportionalco皿ter.[36].V.ery
fineanodewires(diam.≦5μm)arerequiredin.ordertoavoidspuriouspulsesproducedat
inhomogeneitiesfoundonthesurfaceofthickerwires.
Oneofthepromisingimagingdevicestobeemployedinhighenergyphysics.researchis
theliquid-argo孕time.projectionchamber(TPC)[37];[38].Ahighenergyparticlecreatesa
trackofionizationeventsintheliquidconsistingoffastelectronsandslowpositiveions.The
electronsrepresentani皿ageofthepath.ofthehighenergyparticle.Undertheinfluenceofan
appliedelectricfieldtheelectronsdrifttowardstheanodewhichconstistsoftwoperpendicular
setsofwires(seeFig.11).Eachwireisconnectedtoachargesensitiveamplifier.From.the
drifttime,td,thez-coordinate,andfromthewires.,thex-andy-coordinatesare
一28一
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Fig.10:Electroncurrentinadiodecellwitharadioactivealphasourceonthecathode ..[35]
obtained.Thisway,athree-dimensionalimageofthetrackcanbe.reconstructed.Verypureli-
quidisnecessaryinorderto.avoidlossofel.ectronsduetoattachment.
y-coordinate
anodegrids
x-coordinate
z〆////////.//////
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講撰illiliil騨1嘱」
Fig.11:Principleofthetimeprojectionchamber
Sinceseveralyears,theconstructionof.averybigTCPisunderway.inItalyunderthe
leadershipofCarloRubbia.Thisdetector .,initiallycalledICARUS,willeventuallycontain
s6veralkilotonsofIiquidargon.ItisplacedundergroundinacaveintheGrandSassoMassiv
whereitistodetectstrangeparticlesfromouterspace.Thedesignprihciplehasbeentested
with3tonsofIAr,andthe.constructionofa600toimoduleisunderway.
Thepurificationandhandlin琴ofsuchlarge.quantitiesof
.RGLsrepresentsaqualitativelydif-
ferenttaskascomparedtolaりoratorystyleofpreparation.
Astandardinstrumentinhighenergyphysicsexperimentsistheliquidargoncalorimeter
wit翠absorberplatesfromheavymetals(iron,lead,uranium).Theliquidionizationcham-
bers,usually,haveelectrodeseparationsofl.or2mmand.operateatfieldstrengthsofsever-
alkV/cm.Thisleadstoele¢troncolleetiontimesinthesub-microSec6ndtimedomain[39];
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[40].Liq・id・ ・g・n・f.・uffi・i・ntp・ ・i亡y .(・・yg・n.imp・ ・ityl・v・1・pP・ ・xim・t・lylpPm)f・ ・m・
storagetankisevaporatedandre-condensedintothecalorimeter.Noadditionalpurificationis
nece.sミary.InthecaseofTCPs,driftdi母ancesofuptol.5mareenvisagedwhichrequirea
purityoftheargonoflessthanlpp.bimp口rities.
Inmedicalradiology.,manydifferentαetectorsarenecessary.Sincethebeginningof
radioscopy,fortheimagingoftheatte.huationofthe .x-rays.thephotographicfilmisused.
ModernmethodsusesemicOnduct.6r.arrays.AnQtherpossibilityrepresentsthegamma-camera
filledwithh三ghpressurexenongasorliquidxenon.Thedigitizationoftheimageiseffected
bytwosets.ofelectrodestripswhichareplaced .perpe.n.dicular.toea6hotherwithasmalldis-
tancebetweenthem.Each .crossingpointrepresen亡sasmallionizationchamberinwhichthe
localx-rayintensityismeasured.Theprihcible.i6:sとhematicallydepictedinFigurel2.
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Inhighpressuregamma6amera.s,th6.stripsmaybe .replacedbywiresandelectronavalanches
nearthewiresrepres6ntaninternalamplification.
10・UltrapurificationofCryggenicRareQa串 」iquids
Themainmolecularimpuritiesinth年.raregase皐.arethefollowing:Oxygen,Nitrogen,
Hydrogen,Carbondioxide,Hydrocarbons,.Water、
Dependingonthelevelofpuri.tytheirconcとntrationisintheppm(partspermillion)range.
1・additi・n・ ・r・ ・,・ ・g・n・k・ypt・ 耳 ・n#・ ・n・nむ ・nt・ih・m・ll・6hcentrati・n・(i・th・r・ ・g・ ・fl
to10ppm)oftheotherraregases.Forinstance,xenoncontainskryptonandargon,neon
containsheliumandargon.
Fortheuseiflradiatiopdetectorsoperati.皿gintheelectronpulsemode,removalofall
electronattachingimpuritiesismandatory..Metalgettersorlar.ge.surfaceareamaterialsas
silicagelormolecularsieveshavebeenemployed.Anumberofpurifiersarecommercially
available.Thoseemployihgmetalgettersoperateathighertemperatures.
Asimpleeffectivewaytoremoveoxygenandotherelectron.attachingimpur.itiesisto
passthegasoveratitaniumsponge毎eldat700℃..Thismetalalsoreactswithnitrggen.and
removesitfromtherarとgas,Inanothermethod,titaniumelectrodesinadischargechamber
areused.Thedischargedispersesthetitaniumassmallparticleswhichadsorbtheimpurities.
Forthepurificationof.smallam.ountsofgas,bariumgettersorhotcalciumchipscanbe .em-
Ployed.
一30.一
.Thepurification
、ofla∫rgerquanititesofgas(>lli亡erofliqμid)canbedonebythe.use
ofnon-evaporablemetalgetters,consistingofzirconiuln,vanadiumandironlTheingotsare
…i・ ・t・d・t・.hi・hert・mp・ ゼ・ture(400t・5QO℃)・nd・h・i・ ρperati・gt・mperat…i・b・tween
200and300℃.Allconnectingtubesandvessel.s.shouldbemadeofstainlessstee1..F.Qrelec-
trical.feedthroughs,ceramicma .teriali.s.used.Inordertocleantheinhersurfacesoftheex-
perimentalequipment,thegas.is..cirulatedforseveralhoursthroughthedetectorandthepuri-
fier..
Forthepu.rification・ofverylargeliquidquantitiesofarggn(>ltonofIiquid)・,apuri-
ficationsystememploying.largefilterscontaining.molecularsievesandsilic.agelwasdeveloped
[41]。Aschematicoftheliquidpurificationsystemissh6wninFig.13.
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Fig.13:SchematicofanargonpurificationsystemdeVeloped.atCERN,Switzerland[41]ロ
Thefilterconsistedofanequalmixtureofmolecularsieve$4Aand13Xandofsilicagel.The
filterwasactivatedb.ypumpingonitat350℃for.severaldaysuntilthepressurehaddropped
.tolO-5.mbar .The`.filterwasthenkeptatdryice.temperatureduringthepurificationofthe
tankargongas.Inordertoremovetheoxyge .nahighsurfacearearoomtmperaturegetter
wasused(commercial.nameOxisorb)Th60xisOrbcartridgeismade.ofcromiumembeddedin
aSiO21at
.tice.Theoxygenischemicallyremove.dviathereaction2Cr十.302→2CrO3.
Withthismethod,.liquidargoncould..beobtainedwhichhada.restlevelofoxygen.ofO.03
PPb(partsperbillion).
AnalternativewayinlafgescalepurificationisthepassageoftheIiquidphasethrough
filterswithactivegetters.In.thedevelopmentbfaIKrcalorimeter(>20tbns)Thel.iquid
waspumpedcQntinuouslythr6ughanQxysorbcartridgeofsufficientcapacity[42].
Theremovalo.fhydrocarbons,whichmaybeimportantfor .otherapplications,ismore
difficult.Generally,thebestwayis.thedestructionofthehydrocarbonsei.therbyanelectrical
disc .hargeorbyirradiationwithgamma-rays.[43].
11.Conclusion
Ultrapureliquefiedraregaseshavegainedimportanceasionizationmediainradiationde-
tectors劉 .Theillformationonraregaspurificationgainedfromthedevelopmentoft毎esedetec-
torsWillleadtofurtherapplicationsofRGLsinotherareasof忌cienceandtechnology.Espe.
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